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Systems modeling to improve the hydro-ecological
performance of diked wetlands
Omar Alminagorta1, David E. Rosenberg2, and Karin M. Kettenring3
1

Utah Water Research Laboratory, Utah State University, Logan, Utah, USA, 2Department of Civil and Environmental
Engineering and Utah Water Research Laboratory, Utah State University, Logan, Utah, USA, 3Ecology Center and
Department of Watershed Sciences, Utah State University, Logan, Utah, USA

Abstract Water scarcity and invasive vegetation threaten arid-region wetlands and wetland managers
seek ways to enhance wetland ecosystem services with limited water, labor, and ﬁnancial resources. While
prior systems modeling efforts have focused on water management to improve ﬂow-based ecosystem and
habitat objectives, here we consider water allocation and invasive vegetation management that jointly
target the concurrent hydrologic and vegetation habitat needs of priority wetland bird species. We
formulate a composite weighted usable area for wetlands (WU) objective function that represents the
wetland surface area that provides suitable water level and vegetation cover conditions for priority bird
species. Maximizing the WU is subject to constraints such as water balance, hydraulic infrastructure capacity,
invasive vegetation growth and control, and a limited ﬁnancial budget to control vegetation. We apply the
model at the Bear River Migratory Bird Refuge on the Great Salt Lake, Utah, compare model-recommended
management actions to past Refuge water and vegetation control activities, and ﬁnd that managers can
almost double the area of suitable habitat by more dynamically managing water levels and managing
invasive vegetation in August at the beginning of the window for control operations. Scenario and
sensitivity analyses show the importance to jointly consider hydrology and vegetation system components
rather than only the hydrological component.

1. Introduction
Wetland ecosystems provide critical habitat for wildlife, water quality improvement, and ﬂood mitigation. Yet
in arid regions of the world, these ecosystem services are threatened by water scarcity and invasive species
[Downard and Endter-Wada, 2013; Euliss et al., 2008; Zedler and Kercher, 2004; Zedler and Kercher, 2005]. The
timing, duration, and level of ﬂooding drive many aspects of wetland structure and function [Mitsch and Gosselink, 2007], and together with wetland vegetation, determine the suitability of wetlands for wildlife habitat.
It is often difﬁcult, however, to manage wetland vegetation and hydrology together to enhance ecosystem
services [Euliss et al., 2008]. This difﬁculty arises because the two activities are often undertaken independently of one-another. For example, managers often manipulate the hydrologic regime as a proxy to alter
wetland species biology such as reproduction, growth, and survival [Batzer and Sharitz, 2014; Mitsch and
Gosselink, 2007]. Water-level changes help maintain wetland biodiversity [Zedler and Kercher, 2005] including
to provide habitat for bird communities [Kaminski et al., 2006; Ma et al., 2010]. In contrast, managers control
invasive vegetation such as Phragmites australis (common reed, hereafter Phragmites) to directly alter wetland plant community composition [Zedler and Kercher 2004]. Phragmites distribution and abundance has
increased dramatically in North America over the past 150 years [Kettenring et al., 2012a; Saltonstall, 2002]
and is a serious problem for wetland managers, in part, because it outcompetes other plant species considered to be more important as food or cover for wildlife [Hazelton et al., 2014; Kettenring et al., 2012a]. Phragmites also reduces species diversity by limiting available nesting habitat and food quality for birds
[Chambers et al., 1999; Zedler and Kercher, 2004]. Thus, Phragmites control – applying herbicides followed by
burning or mowing – can improve habitat quality [Ailstock et al., 2001; Hazelton et al., 2014]. At the same
time, control activities require time, staff, and ﬁnancial resources that in many cases are limited [Kettenring
and Adams, 2011] and must be coordinated with water management actions [Ma et al., 2010]. Thus, managers often want to know where, when, and how to apply scarce water, labor, and ﬁnancial resources to
improve wetland habitat [Downard and Endter-Wada, 2013].
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Systems optimization models can help connect these hydrological, ecological, management, and other system components and show how to allocate scarce resources to improve one or multiple management
objectives [Hof and Bevers, 2002; Loucks et al., 2005]. When included, environmental and ecological system
model components are often speciﬁed as static constraints such that water allocations must obey a minimum in-stream ﬂow value to guarantee ﬁsh survival [Draper et al., 2003; Vogel et al., 2007]. A small but
growing literature is moving beyond constraint methods to deﬁne, embed, and solve for one or multiple
ecological objectives in a systems model. For example, a multiobjective optimization model selected the
magnitude and frequency of stream ﬂows that maximize ﬁsh population under water availability constraints
[Cardwell et al., 1996]. A mixed integer model recommended water level and salinity management strategies to maximize avian abundance within ﬁxed basins in San Francisco Bay tidal areas [Stralberg et al.,
2009]. A nonlinear integer programming model recommended investments in ﬂow control structures to
minimize changes of the natural ﬂow regime in the Murray River, Australia [Higgins et al., 2011]. Szemis et al.
[2014] used ant colony optimization to identify environmental ﬂows in the Murray basin that maximize ecological scores for indicator species in wetland and ﬂoodplain areas. And in the Connecticut River basin,
Steinschneider et al. [2013] used penalty-based linear programming to minimize the departure of reservoir
storage levels, releases, and instream ﬂows from target values established to generate hydropower, supply
water, and maintain aquatic ﬁsh and invertebrate habitat. These systems modeling efforts span diverse
aquatic, ﬂoodplain, and wetland ecosystems and species, but only used water ﬂow, water level, or a related
ﬂow regime attribute as the time-varying, managed resource to inﬂuence the ecological objective function
and desired outcome. Yet in these and other systems, ecological outcomes depend both on the abiotic factor water and biotic factors such as plant communities that vary through time and in response to managers’
control actions.
In this study, we include water levels and wetland vegetation as responsive system components in an optimization model for diked wetlands that simultaneously identiﬁes water allocation and invasive vegetation
control actions that maximize a composite weighted usable area for wetlands (WU) objective. This WU
objective represents the wetland surface area that provides suitable water levels and vegetation cover conditions for priority bird species. Suitability explicitly considers spatially varying water depths and the associated micro-habitats created by a particular water level within a diked unit. Maximization of WU is subject to
constraints such as water availability and water balance, hydraulic infrastructure capacity, invasive vegetation growth, and a limited ﬁnancial budget to control vegetation. We apply the model at the Bear River
Migratory Bird Refuge, Utah (hereafter, the Refuge), which is located on the northeast shore of the Great
Salt Lake, Utah and managed by the U.S. Fish and Wildlife Service to provide feeding, resting, and breeding
grounds for several globally signiﬁcant populations of migratory birds. We compare model-recommended
water and vegetation management actions to managers’ historical activities to suggest strategies to
improve migratory bird habitat. Scenario and sensitivity analyses show the importance to jointly consider
hydrology and invasive vegetation components rather than only the hydrological component. The work is
part of a 7 year collaboration with Refuge managers and also demonstrates a participatory approach to
address long-standing challenges to formulate and populate systems models with tractable objective functions, constraints, and data to aid ecosystem management.

2. Study Area
The Bear River Migratory Bird Refuge, Utah, lies at the terminus of the Bear River on the northeast corner of
the Great Salt Lake (Figure 1), covers 156.3 km2, and is divided into 25 managed wetland units that are separated by dikes. In diked wetlands such as at the Refuge, managers can regulate water through canals,
gates, and weirs and manipulate vegetation through burning, mowing, herbicide application, and grazing
to maintain and improve bird habitat.
The Refuge has seen wide variability in ﬂows (early 1980s ﬂoods compared to recent droughts) and will see
further ﬂow reductions if Bear River water is transferred out of the basin to support urban growth on the
Wasatch Front, Utah [Anderson et al., 2004; Wurtsbaugh et al., 2016]. Currently, Refuge managers use gates
and weirs to ﬁll wetland units in winter and spring and hold water at constant levels for as long as possible
through the summer and fall [Downard et al., 2014]. However, this strategy can be difﬁcult to implement in
summer months because the Refuge holds a junior water right and more senior Bear River agricultural users
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Figure 1. Bear River basin and the Bear River Migratory Bird Refuge with schematic of water inﬂow locations, 25 actively managed wetland
units (units 1A to 5D), conveyance links, and outﬂows (units 6–10).

have ﬁrst priority under Utah water rights law to divert water to satisfy their own full, upstream, consumptive, summer irrigation uses before the Refuge can take any water [Downard et al., 2014; Kadlec and Adair,
1994].
The Refuge is also experiencing an invasion by Phragmites and Refuge managers expend considerable effort
to control Phragmites with herbicides (usually glyphosate) followed by burning, mowing, or grazing to
remove dead Phragmites [Kettenring et al., 2012b; Olson, 2007; Vanderlinder et al., 2014]. Since 2007, managers have prioritized control efforts in nine wetland units (typically two units per year) with Phragmites cover
greater than 10%.
Refuge managers are interested to learn how they can use available water and manage invasive vegetation
to enhance habitat for priority bird species. Next, we describe the systems model developed to connect
these hydrological and vegetation components and inform water and vegetation management at the
Refuge.

3. Model Development
The systems model development followed six phases central to collaborative and participatory modeling
[Langsdale et al., 2013; Loucks et al., 2005], including to: (i) Describe the management goal(s), (ii) Identify
metrics that quantify progress toward achieving goal(s), (iii) Identify actions managers can take to reach the
goal(s), (iv) Mathematically relate management actions to the metrics, (v) Identify constraints that limit
actions managers can take, and (vi) Implement and solve the optimization model. Uncertainties exist at
each phase which we addressed through the participatory process both by soliciting Refuge manager feedback on results from earlier phases, revisiting earlier phases as needed, and running numerous model scenario and sensitivity analyses. Manager feedback is discussed further in section 5. Below, we present the
resulting general model formulation for a diked wetland system where one or more interconnected wetland
units are managed over a ﬁxed time horizon for one or more priority species having concurrent water and
vegetation habitat needs.
3.1. Wetland Management Goals
The overall Refuge management goal—identiﬁed through participatory meetings with managers and
review of Refuge management plans [Olson, 2007; Olson et al., 2004]—is to enhance wetland habitat for priority migratory bird species. Priority species comprise a subset of some 250 bird species that occur at the
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Refuge. Species were prioritized because either their (i) populations are present at the Refuge in globally
signiﬁcant numbers, or (ii) habitat needs encompass the needs of other species. Enhancing habitat for priority bird species also promotes a broader set of Refuge management goals including to promote birding,
ﬁshing, hunting, wildlife viewing, conservation, and other recreation opportunities within the Refuge.
Enhancing habitat for priority species differs from other ecological management efforts that instead try to
restore the natural water regime or ecological state [Higgins et al., 2011; Steinschneider et al., 2013]. In diked
wetlands such as at the Refuge, hydrology, soils, and vegetation are so altered and disturbed compared to
the pre-European settlement state that complete or even partial return to conditions prior to the 1850s is
not feasible or desirable [Downard and Endter-Wada, 2013]. Instead, managers focus on the more immediate
and reachable goal to improve habitat for key species.
3.2. Performance Metric
To quantify progress toward the goal to enhance habitat for three priority bird species [black-necked stilt
(Himantopus mexicanus), American avocet (Recurvirostra americana), and tundra swan (Cygnus columbianus)], we identiﬁed the key feeding, resting, and breeding activities priority migratory bird species undertake at the Refuge, activity timings, and habitat requirements for those activities. Habitat requirements
include pools of water of sufﬁcient depth to feed and rest, as well as wetland vegetation cover in which to
feed, rest, and breed. The concurrent water and vegetation habitat requirements are species- and timespeciﬁc. We then developed a weighted unit area for wetlands (WU) metric that describes the suitable area
for priority bird species to undertake speciﬁed activities. The WU sums weighted products of speciesspeciﬁc suitability terms for invasive vegetation cover and water depth habitat attributes (HV and DVS in
equation (1)).
0X
1
swt;s  HVt;w;s  DVSt;w;s
XB s
C
X
(1)
WU5
@
A
sw
t;s
t;w
s

Here swt,s is the weight in time t for species s (unitless), HVt,w,s is the vegetation cover suitability index value
in time t in wetland unit w for species s (unitless), while DVSt,w,s quantiﬁes the area in wetland unit w at time
t with suitable water depth conditions for species s (m2). The DVS suitable area considers spatial variations
of water depths within a wetland unit by partitioning the wetland unit into zones so all points in zone z
have the same water depth, then summing products of species-speciﬁc water depth suitability index values
[HWw,z,s (unitless)] for the zone and zone area. Expressing DVS as an area allows us to quantify WU in real
units (i.e., m2) that are easy to communicate to external audiences, observe in the ﬁeld, calculate through
time and spatially within and across diked wetland units.
Here and subsequently, we specify time t in monthly steps for one calendar year because Refuge staff plan,
schedule, and monitor management actions at monthly intervals, typically for a one year planning cycle.
Because of the monthly time spacing and short planning horizon, the WU metric ignores temporal discounting and assumes perfect foresight of water inﬂows and other inputs over the planning cycle [Draper, 2001].
At the same time, the short planning cycle makes perfect foresight and other uncertainty issues ripe for
exploration through scenario and sensitivity analysis.
The invasive vegetation cover and water depth habitat suitability index values HV and HW take values from
0 (poor) to 1 (excellent) habitat quality to describe the capacity of each individual habitat attribute to support priority bird species. Habitat suitability curves functionally relate the index values to water depth and
vegetation cover habitat attributes (see section 3.4) and this use follows two decades of work to deﬁne habitat quality for ﬁsh, alligators, birds, algae, and other wildlife species [Tarboton et al., 2004]. The multiplication of the HV suitability index and DVS suitable area terms in equation (1) means priority bird species
require both suitable water depth and invasive vegetation cover conditions—water and vegetation are separate, concurrent, but nonsubstitutable habitat requirements.
Weighting the habitat suitability terms by species adapts to diked wetlands a widely used weighting
approach for evaluating in-stream ﬂow needs [Cardwell et al., 1996; Hardy, 2005; Payne, 2003]. Here the species weight sw allows managers to consider varying and possibly conﬂicting habitat needs of different species at different times. Although critics fault the weighting approach for focusing on limited, indicator
species [King et al., 2008], here the indicator species focus explicitly follows Refuge goals to manage for
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Figure 2. Example habitat suitability index for invasive vegetation cover (Phragmites).

select migratory bird species. Further, vegetation habitat suitability index values can vary through time as
invasive vegetation cover changes. The WU metric therefore explicitly considers water availability and invasive vegetation as key wetland stressors.
3.3. Management Actions and Decision Variables
To improve wetland habitat for priority bird species, managers adjust water levels in wetland units and control invasive vegetation. In the model, a ﬁrst group of decision variables inﬂuence water levels in wetland
units: (i) the ﬂow rate [Qt,i,j (ha-m/month)] in a canal segment during time t (month) from a start location i
(an index) to a destination location j (an alias of the index i), and (ii) the storage volume [St,w (ha-m/month)]
in each time t at the subset of nodes w that are wetland units (w E i; storage is constrained to be zero at the
remaining nodes that are simple junctions). Wetland unit staff gages and observed level-storage and arealevel relationships (wdw and aw) further allow us to relate storage volume decision variables to additional
state variables representing (iii) water level [WDt,w (m)] and (iv) ﬂooded area [At,w (m2)] in each time t and
wetland unit w [WDt,w 5 wdw(St,w); At,w 5 aw(WDt,w)]
A second group of model decision variables represent invasive wetland vegetation management actions
and include: (i) vegetation management by burning, herbicide application, grazing, and mowing in each
time step t and wetland unit w (RVt,w), and (ii) the invasive vegetation cover (IVt,w) present in each wetland
unit w at the end of time step t (both RV and IV are quantiﬁed as a percentage of the total wetland unit
area). The complement of invasive vegetation cover (100 - IV) indicates cover by native vegetation or open
water. Explicitly representing invasive vegetation cover allows the model to track cover over time, vegetation response to natural factors and management efforts, and corresponding changes in habitat suitability
for priority bird species.
3.4. Relate Management Actions and Performance Metrics
We use habitat suitability curves and the weighted usable area method presented in section 3.2 to relate
the WU metric to decision variables representing water and invasive vegetation management actions. Habitat suitability curves are based on literature review, historical data, controlled experiments, and expert opinion [Hardy, 2005]. Their use allows us to (i) separately and independently assess how invasive vegetation
cover and spatially varying water depth habitat attributes in wetland units meet the habitat needs of priority bird species, and (ii) tractably relate management actions to the WU metric in a nonlinear systems optimization model.
Figure 2 shows how invasive vegetation (Phragmites) cover at the Refuge inﬂuences habitat suitability for
the three priority bird species. Habitat suitability ranges from 1 (excellent) habitat quality when little Phragmites is present to 0 (poor) quality when Phragmites covers more than 10% of the total area of a wetland
unit. At the Refuge, a small amount of Phragmites cover (< 5%) is beneﬁcial because the plant provides
some nesting strata, hiding, and thermal cover. Phragmites cover greater than 10% is undesirable because
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black-necked stilt cannot enter
dense stands to feed or breed;
also, Phragmites displaces native
wetland vegetation with higher
wildlife values [Olson, 2007]. Refuge managers describe 10%
Phragmites cover as a goal for
invasive vegetation control efforts.
Mathematically, the habitat suitability index value for the invasive vegetation cover attribute
(HVt,w,s, deﬁned previously) is a
function (fvs) of the invasive vegetation cover (equation (2)):


HVt;w;s 5fvs IVt;w ; 8t; w; s (2)
A similar function fws and relationship [HWw,z,s 5 fws(dw,z)] speciﬁes
the suitability of water depth dw,z
(m) in zone z of wetland unit w for species s. We follow four steps to calculate the area with suitable water depth
habitat characteristics for species s (DVSt,w,s, deﬁned previously) that considers spatial distributions of water
depths in wetland units. First, we partition the wetland unit into zones with the same water depth and order
zones by increasing water depth (dw,1 < dw,2 < dw,3 < . . . < dw,z). Second, we calculate the suitable area for a particular wetland unit water level WDt,w by summing products of the zone water depth suitability index (fw) and
zone area (equation (3)).
Figure 3. Habitat suitability of water depth in wetland units for three priority bird species
at the Refuge.



DVSt;w;s 5dvsw;s WDt;w 5

X


  



fws dw;z  aw WDt;w 2dw;z 2aw WDt;w 2dw;z11 ; 8t; w; s

(3)

z2ðdw;z WDt;w Þ

The summation includes each zone with water depth at or below the speciﬁed water level. Each zone area
(expression in square brackets) is calculated as the difference between the wetted area of the current zone
and next deeper zone; the term (WD – d) converts zone water depth to a level that is used to calculate wetted area. Third, we repeat steps 1 and 2 for various water levels and each species. And fourth, we ﬁt wetland
unit- and species- speciﬁc suitable area functions (dvsw,s) to the results obtained in step 3 (see supporting
information section S1). These four steps are taken prior to modeling; thus, the suitable area considers spatially varying water depths within wetland units without expanding the optimization model size or spatial
discretization.
In equations (2) and (3), fvs and dvsw,s are continuous and smooth nonlinear functions to avoid numerical
difﬁculties in the model solution (e.g., Figure 3 and supporting information Figure S1). Should habitat suitability have threshold effects, the function curvature can be adjusted or a smooth and more sharply transitioning function substituted (e.g., see constraint on gate changes in the next section and supporting
information).
3.5. Constraints
Water and vegetation management decision variables are subject to hydrological, vegetation cover, and
management constraints (equations (4)–(11)). One set of hydrological constraints uses a simple low-order
ﬁnite-difference approximation to require water mass balance at each time t and node i (equation (4)), while
equations (5) and (6) place minimum and maximum limits on channel conveyance and wetland unit
storage.
X
X
  
int;i 1
lqj;i  Qt;j;i 2
Qt;i;j 2let  ai wdi St;i 5St;i 2St21;i ; 8t; i
(4)
j

j

qmij  Qt;i;j  qxij ; 8t; i; j
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smi  St;i  sxi ; 8t; i

(6)

Here int,i (ha-m/month) is the inﬂow during time period t at node i; lqj,i (unitless) is a loss coefﬁcient in the
channel from node j to node i; let (m) is the evaporation during time period t; St-1,i (ha-m) is the storage in
the previous time-step, qmi,j and qxi,j (each ha-m/month) are, respectively, the minimum and maximum
ﬂow capacities between nodes i and j during a time period; and smi and sxi (each ha-m) are, respectively,
the minimum and maximum water storage capacity at node i. Note, storage at time zero (S0,i) is a userprovided initial storage at node i. Also, setting sm and sx to zero deﬁnes a simple hydraulic junction with no
storage and renders only the ﬁrst three terms of equation (4) active. The remaining subset of nodes w represents wetland units with storage (sx > 0). Wetland performance is measured at these nodes in equation (1).
Vegetation cover constraints dynamically track changes in invasive vegetation cover in each wetland unit
w through time by requiring that invasive vegetation cover in each wetland unit at the end of time step t (IVt,w)
equal cover at the end of the prior time step (IVt-1,w), minus invasive vegetation controlled by managers (RVt,w),
and plus natural growth (vrt,w) (all terms expressed as a percent of the wetland unit area) (equation (7)).
IVt;w 5IVt21;w 2RVt;w 1vrt;w ; 8t; w

(7)

The natural invasive vegetation growth rate (vr) presently reﬂects the 10% annual areal expansion noted by
experts and reported in prior Phragmites studies under various water level, ﬂow duration, and nutrient conditions [Kettenring et al., 2016]. In reality, hydrology [Chambers et al., 2003; Weisner and Strand, 1996], mechanism of reproduction and spread [Kettenring and Mock, 2012], plant life stage, and other environmental
factors [e.g., Kettenring et al., 2011, 2015a; Rickey and Anderson, 2004] inﬂuence Phragmites growth and cover and are areas of ongoing research. We use a constant growth rate as a ﬁrst attempt to represent the inﬂuence of vegetation growth. As in equation (4), invasive vegetation cover at time zero (IV0,w) speciﬁes a userprovided initial invasive vegetation cover in wetland unit w (percent of wetland unit area).
Vegetation management is constrained by an operating budget, b ($), for the analysis period (equation (8)).
We also set upper limits on invasive vegetation management (equation (9)) which is either current invasive
vegetation cover or a user speciﬁed limit, vegmt (percent of wetland unit area):
X
RVt;w  taw  uct  b
(8)
t;w

RVt;w  IVt;w ; RVt;w  vegmt ;

8t; w

(9)

where taw (m2) is the total area of wetland unit w, uct ($/m2) is the unit cost to manage invasive vegetation
during time t, and RVt,w and IVt,w are the control percentage and invasive vegetation cover (deﬁned previously). Unit costs in equation (8) reﬂect costs for labor, equipment operation, and materials that are proportional to the area controlled and vary temporally because managers mow, burn, and apply herbicides at
different times in the year.
An additional constraint limits the number of manual operations to open or close wetland unit gates in a
time step (Gt) to no more than the total operations allowed by available Refuge staff time and personnel
(agt) (equation (10)).
Gt  agt ; 8t

(10)

Here we use a smooth, sharply transitioning sigmoidal function to calculate counts of manual operations to open
and close wetland unit gates (Gt) from changes from one time step to the next of water ﬂow decision variables
into and out of wetland units. A more detailed discussion of the methodology to determine this sigmoidal function
and the numerous approaches tested [e.g., Grossmann et al., 2002] can be found in the supporting information.
A ﬁnal set of constraints requires the decision variables S, Q, WD, IV, RV, and G to be nonnegative. Together,
maximizing the objective function (equation (1)) subject to constraints (equations (2)–(10)) comprises a nonlinear optimization model.
3.6. Additional Management Constraints
Additional management constraints allow managers to simulate wetland performance under past observed
hydrological conditions, allocate predetermined volumes of water to particular wetland units, or specify
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Table 1. Water Depth Habitat Needs and Manager Weights for Priority Birds Species
Weight (0 (not desired) to 1 (desired))
Species

Water
Depth Need

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Black- necked stilt
American avocet
Tundra swan

Shallow
Medium
Deep

0.1
0.1
1

0.1
0.1
1

0.1
0.6
1

0.8
1
0.3

0.8
1
0.1

0.8
1
0.1

0.6
1
0.1

0.6
1
0.1

0.25
1
0.1

0.1
0.6
0.1

0.1
0.1
1

0.1
0.1
1

hydrologic conditions to reach goals that are not otherwise included in the model. Users can specify the
constraints for a subset of prior observed or desired storage volumes (dst’,w’) at speciﬁed times t’ in select
wetland units w’ (equation (11)):
St0 ;w0 5dst0 ;w 0 ; 8t 0 2 t; w 0 2 w

(11)

Examples uses include requiring speciﬁc water depths in wetland units to provide recreation or hunting
services (not explicitly represented in the objective function) or drain and dry wetland units for maintenance or control for avian diseases like botulism.
3.7. Model Scenarios and Input Data
The base case model scenario represents the 2008 calendar year. The Refuge water distribution network
comprises 3 inﬂow water sources (Bear River, Malad River and Box Elder Creek), 25 wetland units, 70 junctions, 5 outlets, and 153 canal segments (Figure 1). Inﬂow data for the Bear River were obtained from the
United States Geological Survey (station #10126000, Bear River near Corinne, UT). For the Malad River and
Box Elder Creek, some inﬂow data were obtained from nearby private property owners such as the Bear River Club (a duck hunting organization). In other cases, we correlated missing gauge records with Bear River
ﬂows at the Corinne station.
From the 20 priority bird species listed in the Refuge Habitat Management Plan [Olson et al., 2004], we and
the Refuge managers identiﬁed three priority bird species (black-necked stilt, American avocet, and tundra
swan), their habitat requirements, and corresponding habitat suitability curves to include in the modeling.
We selected these species because they need different shallow, medium, and deep water conditions (Figure
3) at different times of the year (Table 1) and because these needs encompass needs of other priority bird
species. For example, black-necked stilt are present at the Refuge between April and September and prefer
shallow water depths between 0.15 and 0.25 m to feed. During the same time, up to 55% of the continental
avocet population uses the Refuge to feed, nest, brood, rear hatchlings, and stop during migration before
departing for other wintering grounds. Avocets feed deeper below the water surface (0.35 m - 0.45 m). Refuge managers assign a high priority species weight sw to avocets because there is a large avocet population
that has diverse feeding, resting, and breeding activities at the Refuge. In contrast, tundra swan use the Refuge as a staging area and migratory stopover during winter months, can tolerate shallow or medium depth
waters, but prefer to feed and rest in water greater than 0.55 m [Olson et al., 2004]. Each priority bird species
has similar habitat needs for native vegetation as discussed in section 3.4 (Figure 2).
We used Refuge staff observations of wetland unit water levels and our estimates of Phragmites cover at
the beginning of 2008 to deﬁne the initial water and vegetation conditions in each wetland unit. Initial
Phragmites cover was estimated between 0 and 6% by reducing classiﬁcations of readily available Landsat
30x30 m satellite imagery in 2008 by factors of 0.03–0.36. These factors represent the amounts by which
similar Landsat classiﬁcations for 2010 overestimated Phragmites cover in select wetland units compared to
2010 classiﬁcations from high-resolution (1x1 m) airborne remote sensed imagery [Vanderlinder et al., 2014].
We used monthly pan evaporation rates (without crop coefﬁcients) from the Western Regional Climate Center (http://www.wrcc.dri.edu/) to estimate the integrated effects of radiation, temperature, wind, and
humidity on evaporation from wetland surfaces absent site-speciﬁc observations of wetland evapotranspiration (ET) rates. Although wetland evapotranspiration rates can be effected by local weather, vegetation
composition and structure, water depth, and surrounding land features, pan evaporation rates are typically
larger than open-water evaporation rates [Allen, 1998], which, in turn, are larger than ET rates from vegetated wetlands [Stannard et al., 2013]. Thus, pan evaporation rates likely overestimate evaporative losses and
underestimate wetland performance, an effect we later test in sensitivity analyses. When available, rates
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from alternative, more site-speciﬁc methods to estimate ET (e.g., hydro-meteorological equations, eddy
covariance, remote sensing) can be substituted.
Remaining model input data were obtained from: (i) studies of Refuge water requirements [Christiansen and
Low, 1970; Kadlec and Adair, 1994], and (ii) management and ﬁeld data provided by Refuge staff, including
the Refuge operating budget, August to November operational window to manage Phragmites [Kettenring
et al., 2015b], observed water levels in wetland units, and wetland unit water level-storage-ﬂood area proﬁles derived from LiDAR.
We used the input data to deﬁne a base case scenario that simulated WU for the water levels that Refuge
managers set in 2008 (St’,w’5dst’,w’, equation (11)), existing Phragmites management budget of $180,000/
year, Phragmites management costs of $0.20/m2, Phragmites growth of 10% per year prorated over the April
to November growing season, and only allowing water levels to change in four wetland units per month
(current Refuge stafﬁng limits; equation (10)). Scenario 1 removed the equation (11) constraints (St’,w’5dst’,w’)
and recommended water levels and Phragmites management that increase WU. Scenario 2 further relaxed
the gate management constraint (equation (10)) to allow staff to change water levels as often as needed.
Although numerous gate changes are not currently feasible with manual operation, such changes are possible were the Refuge to install a remote-operated and computer-controlled gate system (the capital costs of
which are not considered here). Scenario 3 also allowed numerous gate changes but set the initial Phragmites cover and growth rate parameters (IV0 and vr in equation (7)) to zero to isolate effects of hydrological
habitat components on wetland performance. Scenarios 4 and 5 increased the initial Phragmites cover IV0 in
equation (7) by factors of 2 and 3 over the initial cover estimates for 2008. Additional sensitivity runs further
modiﬁed the evaporation and inﬂow parameters in equation (4) to identify effects of (a) substituting reference ET rates for alfalfa measured in Perry, Utah that were lower than pan evaporation rates by 0.04–
0.15 m/month from April to October (Utah Climate Center, https://climate.usurf.usu.edu/mapGUI/mapGUI.
php) and (b) water availability observed in years representing dry (1992), intermediate (1996 and 2004–
2011), and wet (1997) conditions.
The model for the Refuge was implemented using the General Algebraic Modeling System (GAMS), has
approximately 6,300 decision variables and 9,700 constraints, and was solved using the nonlinear CONOPT
solver [Rosenthal, 2014]. Although nonlinear solvers such as CONOPT may prematurely terminate at local
optima, our testing varied starting water levels between 0 and 3.5 m in each wetland unit (the lower and
upper bounds), and showed CONOPT solved each scenario in a few minutes and gave similar temporal and
spatial patterns of recommended water levels with only minor variations in wetland performance. In comparison, two global solvers (BARON and COUENE) either returned an infeasible solution or ran for 301 days
without returning a solution. Testing showed CONOPT as more suitable for scenario and sensitivity analysis
and that local optima can still identify substantial improvements over current management. We used Matlab to process model inputs and outputs and graphically display results. All input data, model code, and
scripts are available at https://github.com/alminagorta/Systems-model-in-Wetlands-to-Allocate-water-andManage-Plant-Spread.
3.8. Model Outputs
Key model outputs comprise reports, time series, and maps that show model recommended water levels
and vegetation control actions in wetland units and how actions affect the overall WU metric and WU in
individual wetland units. Additional outputs include a composite habitat suitability [HCt,w (unitless; ranging
from 0 to 1)] which is the expression in parenthesis in equation (1) divided by the wetland unit surface area
and represents concurrent water depth, vegetation cover, and species prioritization suitability factors. Shadow value (Lagrange multiplier) results associated with water mass balance and ﬁnancial budget constraints
(equations (4) and (8)) further show how water availability and vegetation management affect overall wetland performance. Comparing results across scenarios identiﬁes the individual and combined effects on WU
of water and vegetation system components.

4. Results
Comparing results from the prior management (base case) and the ﬁrst model recommended scenario
shows there are opportunities at the Refuge to increase nearly twofold the available surface area that
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Table 2. Model Scenarios and Results
Results

Inputs

Scenario
1
2
3
4
5

Previous Management (Base Case)
Model Recommendation
Automatic Gates
No Invasive Vegetation or Growth
Increased Invasive Vegetation
Increased Invasive Vegetation

Gate Changes
Per Month

Initial Invasive
Vegetation Cover
(Fraction of 2008)

Weighted
Usable Area for
Wetlands (km2/yr)

Shadow Value
of Budget
Constraint (m2/$)

4
4
unlimited
unlimited
unlimited
unlimited

1
1
1
0
2
3

377
715
827
833
742
673

2.56
6.75
6.73
0
194.5
77.5

provides suitable hydrological and vegetation conditions for the three priority bird species (Table 2). To
achieve this increase, the model recommends to more dynamically vary water levels in most wetland units
(Figure 4, red lines). More dynamic management typically raises water levels during January, February, and
March, gradually lowers levels through the spring and summer, and again raises levels in the early winter
(units 1, 1A, 1B, 2A, 2D, 3A, 3C, 3I, 3K, 4A, 5A, 5B, 5C, 5D). These actions also maintain water in units 3B, 3D,
3E, 3F, 3J, and 4C through critical summer months and contrast with either the near-constant water levels
managers maintained throughout 2008 or summer months when managers dried several units (Figure 4,
blue bars).
With more dynamic management, composite habitat suitability (HC) for priority bird species is highest during winter (Figure 5). April through October are particularly critical months when most wetland units show
poor conditions except for units 2B and 4B that maintain HC values greater than 0.4 all year. The model concentrates Phragmites management in seven wetland units in August at the beginning of the window for
management operations to achieve or sustain excellent habitat suitability of vegetation cover for the duration of the year (supporting information Figures S3 and S4). Thus, temporal and spatial variations in HC are
largely due to the water depth habitat component.
Shadow values (Lagrange multipliers) associated with the water mass balance constraint (equation (4))
show that one additional ha-m of Bear River water will most increase wetland performance in the months
of July, August, September and October (Table 3). In contrast, the shadow value associated with the ﬁnancial budget constraint (equation (8)) is low (Table 2).
Further scenario analysis shows that installing a system of automatic gates (i.e., staff can adjust water levels
in wetland units as often as they need) improves wetland performance a further 15% in comparison to the

Figure 4. Comparison of model recommended (optimized, red line) and previous management (simulated, blue bars) staff gage height by
month and wetland unit during 2008.
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Figure 5. Spatial and temporal distribution of composite habitat suitability index (HC) for optimized case (scenario 1) in 2008. Dark shading
denotes areas with water depths and vegetation cover more suitable for the three priority bird species.

ﬁrst scenario (Table 2). Model recommendations absent Phragmites (Scenario 3) offer a further small
increase in wetland performance compared to the automatic gates scenario. Here habitat suitability for vegetation is always excellent, water depth is the sole factor that inﬂuences wetland performance, and the scenario emulates prior systems modeling studies that use only a ﬂow-based ecological objective. In contrast,
increasing initial Phragmites cover by factors of two or three over the cover values estimated for 2008 (Scenarios 4 and 5) decreases wetland performance compared to Scenario 3, increases the shadow value associated with the ﬁnancial budget for Phragmites management, and alters the magnitudes and timings of water
allocations in 15 of the 25 wetland units (supporting information Figure S5).
Sensitivity analyses that used reference evaporation rates for alfalfa in the base case, automated gates, and
scenarios that increased initial invasive vegetation cover showed that wetland performance increased by
0–20 km2/yr (0% to 2.6%) over the runs that used pan evaporation rates. Further sensitivity analyses simultaneously varied the initial Phragmites cover and water availability observed in years 1992, 1996, 1997, and
2004–2011 and show three linkages among hydrological and vegetation system components (Figure 6).
First, there is a nonlinear relationship between wetland performance and water availability regardless of the
initial Phragmites cover. Second, runs with initial invasive vegetation cover at levels estimated for 2008 perform nearly identical to runs with zero Phragmites cover. And third, as initial Phragmites cover and water
availability increase, the difference in wetland performance with respect to the no Phragmites condition
grows both absolutely and relatively.

5. Discussion
Table 3. Increase in Weighted Usable Area for Wetlands per
Additional Unit of Water in Scenario 1 of Optimized Management

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

ALMINAGORTA ET AL.

Shadow Value of
Water Mass Balance
Constraint (m2/ha-m)
0
0
0
0
0
0
45,840
4,356
47,220
523
0
0

Model results suggest ways to better manage
the linked hydrologic and vegetation components of the diked wetland system to improve
habitat for priority bird species. The scenarios of
model-recommended and past management
show that there are opportunities to increase by
nearly two-fold the suitable wetland habitat
area. This increase can be achieved by more
dynamically managing water levels in the wetland units and partially controlling Phragmites in
a larger number of wetland units rather than in
only two units per year where Refuge staff typically undertake full control. The scenario that
relaxes restrictions on gate operations further
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suggests operational ﬂexibility to
manage water can improve wetland performance and Refuge managers should investigate options to
install an automatic system to control gates and weirs throughout the
Refuge. And while prior work has
also identiﬁed the need for early
detection and rapid response to
control invasive vegetation [NISC,
2003], here our model results suggest how to spatially conﬁgure
responses among wetland units
and coordinate response with other
habitat factors like hydrologic conditions. In scenarios 1 and 2 with
optimized management and unlimited gate changes, the low shadow
Figure 6. Weighted usable area for wetlands (y-axis) as a function of water availability
values associated with the vege(x-axis) and initial invasive vegetation cover (traces). The red vertical line shows the
tation management budget conRefuge’s annual water right.
straint and small increase in
wetland performance when no Phragmites was present initially suggest that there may be little value to
explicitly represent vegetation in the systems model. In other words, one could adequately deﬁne ecological
objectives from only ﬂow variables as in prior systems modeling studies [Cardwell et al., 1996; Higgins et al.,
2011; Loucks, 2006; Steinschneider et al., 2013; Stralberg et al., 2009; Szemis et al., 2014]. In these scenarios,
Phragmites cover had a seemingly small inﬂuence because cover was low relative to managers’ target of 10%
cover and habitat suitability of vegetation stayed at or close to a value of 1 (excellent). Also, there was sufﬁcient budget to manage and maintain low Phragmites cover throughout the 1 year planning horizon.
However, subsequent scenarios and sensitivity runs suggest that much higher levels of initial Phragmites cover
will noticeably decrease wetland performance (Figure 6). Thus, we interpret the scenario with no Phragmites cover or growth as an upper bound on wetland performance. Systems models that only consider the hydrologic
habitat needs of priority species may overestimate performance and mischaracterize the relationship between
performance and water availability when species have concurrent habitat needs for wetland plant vegetation or
needs are driven by additional abiotic or biotic factors such as vegetation cover.
The scenario and sensitivity results in Figure 6 suggest three further related strategies to manage water and
vegetation at the Refuge. First, maintain water availability above the existing Refuge water right of
89,300 ha-m/yr (Figure 6; red vertical line) to prevent a sharp decline in wetland performance. Second, apply
additional available water in July, August, and September when shadow values associated with the water
mass balance constraint are largest (Table 3). And third, the largest increases in wetland performance per
unit of available water or per dollar of budget available to manage Phragmites occur when Phragmites cover
is near managers’ 10% cover target (Figure 6 and Table 2). Thus, Refuge managers should be concerned
about upstream water abstractions that reduce available water and should also focus Phragmites control in
wetland units where management can maintain or return vegetation cover to conditions that are suitable
for priority birds.
While the model tracks water level and vegetation changes through time (Figure 5 and supporting information Figure S3), the summation across time in equation (1) does not explicitly consider time-dependent
effects such as rapid water level changes like a wetland unit progressing from full to dry to full over three
successive months. These changes would not affect the breeding activities of American avocets and blacknecked stilt that nest on small islands in the wetland units and along the crown of dikes [Olson et al., 2004].
However, rapid changes could disrupt breeding or rearing activities for other bird species or stress many
wetland plant species. To limit these effects, the modeler can further adjust the species weights, limit the
number of gate changes per month (ag in equation (10)), or add a new species with its own habitat requirements and species weights.
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The model also assumes Phragmites is uniformly distributed across wetland units, has linear growth over
time, and no growth interactions with water level. Phragmites temporal and spatial growth and expansion is
also inﬂuenced by the mechanisms of plant reproduction, salinity, and anthropogenic disturbance [Chambers et al., 1999; Kettenring et al., 2011, 2012a, 2015a, 2016], and future work should better incorporate these
linked effects. Remotely sensed images, controlled ﬁeld experiments, and simulation modeling at ﬁner spatial resolutions can provide the empirical data to further specify these hydrological-plant response relationships and mathematically represent them in the systems model.
The model also determines water levels and vegetation management with perfect foresight about future
water availability. The assumption of perfect foresight is common and often problematic in optimization
modeling studies of reservoirs and other water storage structures [Draper, 2001]. But the effect is limited in
the Refuge application for four reasons. First, the 1 year modeling horizon is short. Second, the Bear River is
a snow-melt dominated basin and managers already reliably use winter snowpack levels during their annual
planning each winter to forecast spring and summer water availability. Third, Refuge wetland units have relatively little storage capacity compared to the monthly ﬂows that pass through. For example, modeled residence times in wetland units are often only one month, commensurate to the model time step. Thus, even
with perfect foresight about future water availability, the model has limited ability to store water for later
beneﬁt. And fourth, when managers are uncertain about water availability, they can run the model for multiple ﬂow availability scenarios such as shown in Figure 6.
The model sums wetland performance across wetland units and thus does not preference large contiguous
areas over multiple, small fragmented areas having the same total area, water and vegetation conditions.
Further, multiplying habitat suitability terms for invasive vegetation cover and water depth reﬂects priority
bird species concurrent needs for suitable vegetation and water habitat conditions at the same time in the
same wetland unit. Wetland performance can alternatively be estimated as a geometric mean that implies
compensatory relationships between individual suitability indices [Waddle, 2001] for water and vegetation.
Sensitivity runs that used a geometric mean showed wetland performance increased compared to the multiplicative formulation used in equation (1) (supporting information Figure S6). These runs preserved the
same relative ordering of WU across scenarios and had similar spatial and temporal patterns of recommended water levels except for select differences in a few wetland units in a few months. Differences in WU
values were more pronounced as initial invasive vegetation cover increased and show that the method to
mathematically aggregate habitat suitability attributes can inﬂuence the objective function value and this
inﬂuence strengthens as a habitat factor, like invasive vegetation cover, departs from suitable conditions.
There will likely be beneﬁt to include additional habitat attributes and suitability variables in the model
besides the hydrologic and vegetation components we consider. With available input data, we could extend
the model to include variables and suitability indexes for salinity or nutrient levels, substrate cover, temperature, and/or native vegetation. Including these abiotic and biotic factors and components will require ﬁeld
data and a more explicit description of the underlying ecology to describe current conditions, empirically
relate variable values to habitat suitability, and combine suitability indexes.
Lastly, Refuge managers’ participation in the work offered several beneﬁts, including to: (i) ensure the model addresses an actual habitat management problem, (ii) populate the model with current data, (iii) help validate and interpret results, and (iv) focus recommendations on actions managers can implement. For
example, after we presented a ﬁrst set of model results that extensively varied water levels in wetland units
from month-to-month, Refuge managers said they liked the results but could not implement them because
of limited staff and time to adjust gates and weirs. Thus, we added equation (10) to restrict gate operations
and reinterpreted results from that scenario to indicate the potential beneﬁts of an automatic water control
system. In continuing work, managers want to expand the number of priority species, include salinity and
long-term water shortages, and use the model in their annual planning of water and vegetation
management.

6. Conclusions
In arid regions, scarce water and invasive vegetation are common problems that affect wetland management for ecosystem functions and services. While prior systems modeling efforts have focused on water
management to improve ﬂow-based habitat objectives, here we consider water and Phragmites
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management to improve hydrologic and vegetation habitat for priority wetland bird species. We formulate
a composite weighted usable area for wetlands (WU) objective that represents the wetland surface area
that provides suitable water depth and vegetation cover conditions for priority bird species. Maximization
of WU is subject to constraints on water balance, hydraulic infrastructure capacity, invasive vegetation
growth and control, and a limited ﬁnancial budget to control vegetation. Application at the Bear River
Migratory Bird Refuge, the largest wetland complex on the Great Salt Lake, Utah, suggests that managers
can nearly double the area of suitable wetland habitat by more dynamically changing water levels, managing invasive vegetation at the beginning of the window for management operations, and partially controlling Phragmites in a larger number of wetland units. Also managers can further improve wetland
performance by installing an automatic gate control system to more ﬂexibly vary water levels. There may
be little beneﬁt to include the vegetation component in the model at low invasive vegetation cover levels
such as in 2008 at the Refuge. However, we observe pronounced effects on wetland performance should
invasive vegetation cover approach or exceed the Refuge target of 10% Phragmites cover. At these higher
vegetation disturbance levels, systems models that look at only the hydrologic habitat needs of priority species may overestimate performance and mischaracterize the relationship between performance and water
availability.
Jointly considering wetland hydrology and vegetation further emphasizes that managers should protect
the Refuge’s water rights. Acquiring additional water by expanding their water rights portfolio can achieve
the most habitat beneﬁt in the months of July, August, and September. Also, managers should focus Phragmites management in wetland units where they can maintain or return habitat to excellent conditions.
Future work should identify dynamic vegetation responses to water levels through time and extend the
wetland performance metric to consider additional abiotic and biotic factors that affect bird habitat.
Together, the work links hydrologic and vegetation components of a diked wetland system and recommends coordinated water and vegetation management to improve habitat for priority species.

Notation
At,w
agt
b
dw,z
dst,w
dvsw,s
DVSt,w,s
fws
fvs
Gt
H
HCt,w
HVt,w,s
HWw,z,s
in t,i
IVt,w
le t
lq j,i
Q t,i,j
qmi,j
qxi,j
RVt,w
S t,w
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Flood area in time t at each wetland unit w, m2.
Number of wetland units whose gates or weirs can be manipulated (opened or closed) in time t.
Total budget per year to reduce invasive vegetation, $/year.
Water depth in wetland unit w in zone z, m.
Speciﬁed (simulated) water volume in time t for wetland unit w, ha-m.
Function that relates water level in wetland unit w to area in the wetland unit having suitable
water depth habitat for species s, m2.
Area within wetland unit w at time t that has suitable water depth conditions for species s, m2.
Function that relates habitat suitability and water depth for priority species s.
Function that relates habitat suitability and invasive cover vegetation for priority species s.
Number of manual operations required to open or close wetland unit gates in a time t.
Habitat suitability indices.
Composite habitat suitability index for hydrologic and ecologic conditions in time t at wetland
unit w, unitless.
Habitat suitability index related with invasive vegetation cover in time t at wetland unit w for priority species s, unitless.
Habitat suitability index related with water depth in wetland unit w in zone z for priority species
s, unitless.
Inﬂow in time t at node i, ha-m/month.
Invasive vegetation cover in time t in wetland unit w, %.
Rate of evaporation loss during time period t, m.
Loss coefﬁcient from node j to node i, unitless.
Flow rate from node i to node j during time period t, ha-m/month.
Minimum required ﬂow from node i to node j during time period t, ha-m/month.
Maximum allowable ﬂow from node i to node j during time period t, ha-m/month.
Managed invasive vegetation cover in time t at wetland unit w, %.
Storage in time t and wetland unit w, ha-m.
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Minimum storage in node i, ha-m.
Maximum storage in node i, ha-m.
Weight in time t for priority species s, unitless.
Area of wetland unit w, m2.
Unit cost of managing invasive vegetation in time t, $/month.
Upper limit on invasive vegetation managed in time t, %.
Natural vegetation response in time period t and wetland unit w, %.
Invasive vegetation spreads at time period t, %.
Water level at time t in wetland unit w, m.
Weighted usable area wetland in time t and wetland unit w, m2.
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